Studying the spectral changes during the dips exhibited by almost edge-on, low-mass X-ray binaries (LMXBs) is a powerful means of probing the structure of accretion disks. The XMM-Newton, Chandra, or Suzaku discovery of absorption lines from Fe xxv and other highly-ionized species in many dippers has revealed a highly-ionized atmosphere above the disk. A highly (but less strongly) ionized plasma is also present in the vertical structure causing the dips, together with neutral material. We aim to investigate the spectral changes during the dips of XTE J1710−281, a still poorly studied LMXB known to exhibit bursts, dips, and eclipses. We analyze the archived XMM-Newton observation of XTE J1710−281 performed in 2004 that covered one orbital period of the system (3.8 hr). We modeled the spectral changes between persistent and dips in the framework of the partial covering model and the ionized absorber approach. The persistent spectrum can be fit by a power law with a photon index of 1.94 ± 0.02 affected by absorption from cool material with a hydrogen column density of (0.401 ± 0.007) × 10 22 cm −2 . The spectral changes from persistent to deep-dipping intervals are consistent with the partial covering of the power-law emission. Twenty-six percent of the continuum is covered during shallow dipping, and 78% during deep dipping. The column density decreases from 77 +67 −38 × 10 22 cm −2 during shallow dipping to (14 ± 2) × 10 22 cm −2 during the deep-dipping interval. We do not detect any absorption line from highly ionized species such as Fe xxv. However, the upper-limits we derive on their equivalent width (EW) are not constraining. Despite not detecting any narrow spectral signatures of a warm absorber, we show that the spectral changes are consistent with an increase in column density and a decrease in ionization state of a highly-ionized absorber, associated with an increase in column density of a neutral absorber, in agreement with the recent results found in other dippers. In XTE J1710−281, the column density of the ionized absorber increases from 4.3 +0.4 −0.5 × 10 22 cm −2 during shallow dipping to 11.6 +0.4 −0.6 × 10 22 cm −2 during deep dipping, while the ionization parameter decreases from 10 2.52 to 10 2.29 erg s −1 cm. The parameters of the ionized absorber are not constrained during persistent emission. The neutral absorber only slightly increases from (0.410 ± 0.007) × 10 22 cm −2 during persistent emission to (0.420 ± 0.009) × 10 22 cm −2 during shallow dipping and to (0.45 ± 0.03) × 10 22 cm −2 during deep dipping. The warm absorber model better accounts for the ∼ 1 keV depression visible in the pn dipping spectra, and naturally explains it as a blend of lines and edges unresolved by pn. A deeper observation of XTE J1710−281 would enable this interpretation to be confirmed.
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Introduction
XTE J1710−281 was discovered in 1998 serendipitously by RXTE at a position consistent with the location of the unidentified ROSAT source 1RXS J171012.3-280754 (Markwardt et al. 1998) . Its flux varies between about 2 and 10 mCrab on timescales of about 30 days (Markwardt et al. 2001) . XTE J1710−281 shows X-ray bursts indicating that the compact object is a neutron star and that the system could lie at a distance of 15-20 kpc (Markwardt et al. 2001) or 12-16 kpc (Galloway et al. 2006) . Its light curve presents eclipses lasting 410 s and dipping activity, both recurring at the orbital period of 3.28 hr. The dips are believed to be due to obscuration in the thickened, azimuthally structered, outer regions of an accretion disk (White & Swank 1982) . The presence of eclipses indicates that the source is viewed close to edge-on, at an inclination angle, i, of 75
• -80
• (Frank et al. 1987) , where i is defined as the angle between the line of sight and the rotation axis of the accretion disk. The RXTE PCA spectrum is consistent with either thermal bremsstrahlung (kT = 14 ± 3 keV) or a power law (photon index 1.8 ± 0.1), with interstellar absorption N H < 2 × 10 22 cm −2 (Markwardt et al. 1998 ).
The 1-10 keV spectra of most of the dip sources become harder during dipping. However, these changes are inconsistent with a simple increase in photo-electric absorption by cool material. These changes have been often modeled by the "progressive covering", or "complex continuum" approach (e.g., Church et al. 1997) , in which the X-ray emission is assumed to originate from a point-like blackbody, or disk-blackbody component, and from a power-law component accounting for an extended corona. This approach models the spectral changes during dipping intervals by the partial and progressive covering of the extended component by an opaque neutral absorber. The absorption of the pointlike component is allowed to vary independently from that of the extended component.
The improved sensitivity and spectral resolution of Chandra, XMM-Newton and Suzaku is allowing narrow ab-sorption features from highly ionized Fe and other metals to be observed from a growing number of X-ray binaries. In particular, Fe xxv (He-like) or Fe xxvi (H-like) 1s-2p resonant absorption lines near 7 keV were reported from several micro-quasars and neutron star LMXBs (e.g., Kubota et al. 2007; Sidoli et al. 2001 ) that are almost all viewed close to edge-on, many of them being dippers (see e.g. Table 5 of Boirin et al. 2004a) . This indicates that the highly ionized plasma probably originates in an accretion disk atmosphere or wind, which could be a common feature of accreting binaries but primarily detected in systems viewed close to edge-on. During the dips, absorption lines are also detected and correspond to electronic transitions from less ionized species than during the persistent intervals. Boirin et al. (2005) demonstrated that an increase in column density and a decrease in the ionization state of a highly-ionized absorber, associated with the increase in column density of a local neutral absorber could model the changes between persistent and dipping intervals both in the X-ray continuum and the narrow absorption features of 4U 1323−62. This result was successfully applied to X 1254−690, X 1624−49, MXB 1658−298, 4U 1746−371 and XB 1916−053 observed with XMM-Newton (Díaz Trigo et al. 2006) .
Here, we report on a spectral study of the archived XMM-Newton observation of the dipping LMXB XTE J1710−281. We report spectral hardening from persistent to dipping intervals and model it in the framework of the partial covering appraoch and of the warm absorber approach.
Observation and data reduction

Data reduction
The XMM-Newton Observatory (Jansen et al. 2001) includes three 1500 cm 2 X-ray telescopes each with an European Photon Imaging Camera (EPIC) at the focus. Two of the EPIC imaging spectrometers use MOS CCDs (Turner et al. 2001 ) and one uses pn CCDs (Strüder et al. 2001) . Reflection Grating Spectrometers (RGS, den Herder et al. 2001 ) are located behind two of the telescopes while the 30-cm optical monitor (OM) instrument has its own optical/UV telescope (Mason et al. 2001) . XTE J1710−281 was observed by XMM-Newton for 13 ks on 2004 February 22 between 09:55 and 13:16 UTC. The optical monitor instrument was operated in imaging mode with the U and UVW1 filters (PSF FWHM of 1.55 and 2.0 , respectively). The U filter bandpass is between ∼300 and 400 nm while the UVW1 filter covers the ∼230-370 nm wavelength range. The EPIC-pn and MOS cameras were operated in full frame mode. We concentrate here on the analysis of the EPICpn data since they are not affected by pile-up, contrary to MOS1 and MOS2 data where the total maximum count rate to avoid deteriorated response due to photon pile-up is 150 s −1 , lot less than the total maximum count rate in the pn case, 1000 s −1 . We also use RGS data. All data products were obtained from the XMM-Newton public archive and reduced using the Science Analysis System (SAS) version 8.0. Few intervals of enhanced solar activity were present. However, we did not discard any of them since the background count rate represents at maximum 3% of the source persistent rate.
We selected only single and double events (patterns 0 to 4) from the pn data. We extracted source events from a circle of 40 radius centered on the source. Background events were obtained from a circle of the same radius on the same CCD as the source but centered away. We generated response matrix files using the SAS task rmfgen, while ancillary response files were generated using the SAS task arfgen. We rebinned the EPIC-pn spectra to oversample the full-width at half maximum (FWHM) of the energy resolution by a factor 3, and to have a minimum of 25 counts per bin to allow the use of the χ 2 statistic. The SAS task rgsproc was used to produce calibrated RGS event lists, spectra, and response matrices. RGS order 2 is not used in the analysis because it shows few source events detection. The RGS 1st order spectrum does not show evidence for any narrow spectral features therefore it was mainly used to check for consistency with the EPIC-pn spectra and to better constrain the low-energy part of the spectrum. It was rebinned to have a minimum of 25 counts per bin.
Spectral analysis
We use EPIC-pn spectra in the energy range 0.2-10 keV. We restrict the RGS spectra (RGS1 and RGS2, order 1) to the energy range of 0.5-2.0 keV because very few source events are detected below 0.5 keV.
Spectral analysis was performed using XSPEC (Arnaud 1996) version 12.0. The updated photo-electric cross sections and the revised solar abundances of Wilms et al. (2000) ("abund wilm" command within XSPEC) are used throughout to account for absorption by neutral gas. Spectral uncertainties are given using ∆χ 2 of 2.71, corresponding to 90% confidence for one interesting parameter, and to 95% confidence for upper limits. All EWs are quoted with positive values for absorption features.
Results
Source position
The second XMM-Newton serendipitous source catalog (2XMM) (Watson et al. 2008) gives XTE J1710−281 a position of R.A. = 17h10 12.532 , Decl. = -28
• 07 50.95 (equinox 2000.0) with a 1 sigma uncertainty of 1 in both R.A. and Decl. There is no source consistent with this Xray position in the infra-red 2MASS catalog, neither in the optical image derived from the XMM-Newton optical monitor, nor in the USNO catalog which is the deepest optical catalog that we cross-correlated with the 2XMM using the software XCAT-DB (Pineau et al. 2008 ).
Lightcurve and hardness ratio
The EPIC-pn 0.2-10 keV source and background light curves are shown in the lower panel of Fig. 1 with a binning of 60 s. The observation covers almost one orbital period (3.28 hr) of the system. One eclipse lasting for 410 s is visible, as well as some dipping activity at the biginning and the end of the observation. The interval where the count rate remains approximately constant is referred to as the persistent emission.
We define the hardness ratio as the counts in the 2.0-10 keV energy range (the "hard" energy band), divided by the counts in the 0.2-2.0 keV energy range (the "soft" energy band). The hardness ratio evolution as a function of time is shown in the upper panel of Fig. 1 . An increase in hardness during dipping is observed. This indicates that the number of counts in the soft band has decreased more than that in the hard band. This suggests that absorption is the main ingredient of the dipping activity. The deepest troughs of the dips are clearly associated with the strongest hardening, and hence the strongest absorption.
Based on the entire lightcurve, we extracted the spectrum of the deep-dipping state from time intervals where the count rate is less than 5 counts s −1 . We extracted the shallow-dipping spectrum from time intervals with count rates between 5 and 10 counts s −1 . Finally, we extracted the spectrum of the persistent state from time intervals with count rates greater than 10 counts s −1 . Of course, the eclipse interval is when the count rate approached that of the background for a total of 410 s.
Persistent spectrum
We fit simultaneously the pn persistent spectrum, the RGS1 first order spectrum and the RGS2 first order spectrum. We include a multiplicative constant factor, fixed to 1 for the EPIC-pn spectrum but allowed to vary for each RGS spectrum, to take account for cross calibration uncertainties. An absorbed blackbody model or an absorbed disk-blackbody did not give acceptable fits to the persistent spectrum (reduced χ 2 of: 14 for 430 degrees of freedom (d.o.f.) and 5 for 430 d.o.f. respectively). An absorbed power law (tbabs*pow within XSPEC) was able to fit the spectra well with a reduced χ 2 of 1.17 for 430 d.o.f. (Fig. 2) . A model consisting in two emission components, a power law and a blackbody, modified by a neutral absorber gave a reduced χ 2 of 1.16 for 428 d.o.f. An F-test indicates that the probability for such an improvement (compared to the fit with an absorbed power law) to occur by chance is 0.16. Therefore, the blackbody component is not significant and was not kept in the model. The best fit photon index is 1.94 ± 0.02 while the neutral hydrogen column density is (0.401 ± 0.007) × 10 22 cm −2 . We refer hereafter to this ab- sorption as foreground absorption, it includes contributions from the interstellar medium and/or absorption intrinsic to the system itself. The normalization of the power law is (1.21 ± 0.02) × 10 −2 photons keV −1 cm −2 s −1 and the constant factors are 1.11 ± 0.05 and 1.10 ± 0.04 for the RGS1 and RGS2 data respectively.
In the 0.2-10 keV energy range, we derive an absorbed flux of 4.69 × 10 −11 erg cm −2 s −1 , an unabsorbed flux of 7.79 × 10 −11 erg cm −2 s −1 , and a luminosity of L x = 2.4 × 10 36 erg s −1 assuming a source distance of 16 kpc.
We do not detect absorption lines due to highly ionized elements (Fe xxv or Fe xxvi near 7 keV) in the persistent emission spectrum.
Persistent, shallow and deep-dipping spectra
We consider the dipping activity as due to the passage of a thickened part of the disk in front of the underlying Xray source, at each orbital rotation of the system. Since the count rate and the hardness ratio of XTE J1710−281 are constant during the persistent interval (see Fig. 1 ), we may assume that the underlying X-ray emission does not change significantly during the whole observation, and that the spectral changes observed during the dipping interval are indeed arising from the passage of some absorbing material in the line-of-sight. The rapid variability of the spectral changes during the dipping interval indicates that this effect dominates over a potentially coincident smooth and slow spectral transition of the underlying X-ray source itself. Therefore, to explain the spectral changes during dipping, we fit the persistent, shallow and deep-dipping spectra simultaneously, and we link the parameters of the powerlaw component. For the persistent interval, we use pn and RGS (order 1) spectra but plot only pn for clarity. For the dipping intervals, we use only the pn spectra because too few counts are detected by RGS. In a first step, we allowed the foreground column density to be different for the three spectra, but did not obtain any acceptable fit (reduced χ 2 of 4.4 for 769 d.o.f.). Consequently, we tested a partial covering approach (Sect. 3.4.1) and a warm absorber approach (Sect. 3.4.2).
We do not detect any absorption line from highly ionized species such as Fe xxv in XTE J1710−281, neither in the persistent spectrum nor in the dipping spectra. By including a Gaussian profile with a width fixed to 0 at 6.65 keV, the theoretical energy of the Fe xxv 1s-2p transition, we derived upper-limits of 114, 50, and 73 eV on the EW of this line in the persistent, shallow-dipping, and deepdipping spectra, respectively. Since lines from Fe xxv or other species were detected with an EW down to 25 eV in other binaries (e.g. Boirin et al. 2005) , the upper-limits derived for XTE J1710−281 are not constraining. The non detection of absorption lines in XTE J1710−281 could be explained by a lack of statistics in the current XMM-Newton observation.
Progressive covering model
In this approach, we allow the continuum emission to be partially covered by some neutral material during dipping. Since the continuum emission of XTE J1710−281 may be simply represented by a power law, we define the model of the absorbed spectrum as (1) where I pow is the energy dependent flux of the powerlaw component, N pow H is the column density of the absorber affecting the power law, and N f ore H is the column density of the foreground absorber. The photo-electric absorption cross section, σ(E), does not include Thompson scattering. The covering fraction, f , can vary from 0 to 1 and is unitless.
The foreground column density, N f ore H , was linked for the three emission intervals assuming that the X-ray source is subject to the same foreground absorption. We fixed the covering fraction, f , and N pow H to zero during the persistent emission, since this emission interval is not supposed to undergo any absorption from the bulge. These two parameters are allowed to vary for the shallow-dipping and the deep-dipping emission.
The spectra and best fit model are shown in Fig. 3 . Table 1 gives the best fit parameter values. The reduced χ 2 of the best fit is 1.55 for 767 d.o.f. The foreground column density is 0.38 × 10 22 cm −2 , the photon index is 1.91 and the normalization of the power law is 1.17 × 10 −2 photons keV −1 cm −2 s −1 . These values are consistent with those found for the persistent emission alone (Sect. 3.3). The covering fraction increases from 26% during the shallow-dipping, to 78% during the deep-dipping interval, which represents a change at a level of more than 10 σ. This would indicate that the emission region is angularly more extended than the absorbing region, and that a larger fraction of it is covered during deep dipping. However, we find that N pow H decreases from 77 +67 −38 cm −2 during the shallow dip to 14 ± 2 cm −2 during the deep dip interval, which represents a change at a level of 2.7 σ. This would mean that the absorbing layer is thiner or less dense during deep dipping than during shallow dipping. , the photon index and the normalization of the power law are linked between persistent, shallow and deep-dipping emission. The covering fraction f and the hydrogen column density, N pow H , are allowed to vary to explain the spectral changes in the spectra. Uncertainties are given at a 90% confidence level. We also indicate the significance of the change of N pow H and f between shallow and deep-dipping spectra.
Ionized absorber model
As an alternative, we tested the hypothesis that the spectral changes during dipping could be due to changes in the prop- Table 2 . Best fit spectral parameters for the persistent, the shallow-dipping, and the deep-dipping spectra fit simultaneously with the ionized absorber model. is the foreground neutral hydrogen column density. ξ is the ionization parameter. N ξ H is the warm absorber hydrogen column density. These parameters are allowed to vary to explain the spectral changes from persistent to deep dipping. Uncertainties are given at a 90% confidence level. We also indicate the significance of the change of N f ore H between the three spectra as well as the significance of the change of log(ξ) and N ξ H between shallow and deep-dipping spectra. erties of both a neutral and an ionized absorber. We used the photo-ionization code CLOUDY version 07.02 (Ferland et al. 1998 ) to simulate ionized clouds standing in the line of sight toward the X-ray emission. Cloudy requires specifying the hydrogen density (10 8 cm −3 ), an abundance table (Anders & Grevesse 1989) , the hydrogen column density (the hydrogen density integrated along the line of sight), an ionizing continuum, and the ionization parameter defined by Tarter et al. (1969) as
where n H is the hydrogen density at the illuminated face of the ionized cloud and r is the source cloud separation. L ion is the luminosity between 1 Ryd and 1000 Ryd.
As ionizing continuum, we assumed a power law with an X-ray slope consistent with what we determined from the persistent emission. We calculate a grid of warm absorbers each having a distinct column density/ionization parameter combination. For a fixed hydrogen density, the ionization parameter is basically a measure of the overall strength of the ionizing continuum and consequently, it affects the presence/absence of the different ionic species. On the other hand, the hydrogen column density controls the amount of the ionic species present. Together these two quantities control the amount of absorption, at every energy, suffered by the incident continuum upon exiting the warm absorber. The transmitted continuum bears the spectral signatures, such as absorption edges and lines, of the ions present in the warm absorber. XSPEC interpolates over the transmitted continua from the warm absorber grid to find the best fit to a spectrum.
To test the hypothesis that the spectral changes during dipping could be due to changes in the properties of both a neutral and an ionized absorber, we kept the parameters of the power law linked between persistent, shallowdipping and deep-dipping spectra, but left the parameters of the foreground absorber and of the ionized absorber free. However, since the persistent spectrum is consistent with a power law and does not show any absorption features due to highly ionized elements (see Sect. 3.3) , the properties of the warm absorber, if present during persistent emission, cannot be constrained from this observation. Consequently, for the persistent spectrum, we fixed the warm absorber parameters to values such that the plasma is transparent at all energies, as if it were absent. In practise, we fixed the ionized column density to 10 21.5 cm −2 and the ionization parameter to 10 5.0 erg s −1 cm, which indeed corresponds to a thin nearly fully ionized and hence transparent medium. Fig. 4 shows the spectra and best fit model and Fig.  5 shows the unfolded spectra. Table 2 gives the values of the fit parameters. The values of the photon index and the normalization of the power-law component were 1.98 and 1.2 × 10 −2 photons keV −1 cm −2 s −1 respectively. They are consistent with the values obtained when fitting the persistent spectra alone. The foreground neutral absorption increased slightly from (0.410 ± 0.007) × 10 22 cm −2 during persistent interval to (0.420 ± 0.009) × 10 22 cm −2 during shallow dipping and to (0.45±0.03)×10
22 during deep dipping, which represents, between each two consecutive intervals, a change at a level of 1.4 σ and 1.7 σ respectively. The ionization parameter decreases from 10 2.52 erg s −1 cm during the shallow-dipping interval to 10 2.29 erg s −1 cm during the deep-dipping emission, which represents a change at a level of 5 σ. The column density of the ionized absorber increases from 4.3 +0.4 −0.5 × 10 22 cm −2 during the shallow dipping to 11.6 +0.4 −0.6 ×10 22 cm −2 during the deep-dipping interval, which represents a change at a level of more than 10 σ. These results indicate that the spectral changes during dipping in XTE J1710−281 are consistent with an increase in column density and a decrease in ionization state of a highly ionized absorber, associated with a slight increase in column density of a local neutral absorber.
Model comparison near ∼1 keV
Although the partial covering model (Sect. 3.4.1) and the warm absorber model (Sect. 3.4.2) can both fit the spectra of XTE J1710−281, we note that the warm absorber model gives a better fit, especially near ∼1 keV. Fig. 6 shows a zoom at 1 keV of the XTE J1710−281 spectra fitted with the ionized absorber (right panel) and the partial covering model (left panel). Energy (keV) Fig. 6 . A zoom at the 1 keV region of the persistent, shallow-dipping and deep-dipping spectra fitted with either, the partial covering model (left panel) or the ionized absorber approach (right panel). The warm absorber model fits better the 1 keV region of the dipping spectra.
The modulation of the shallow and deep-dipping spectra, near 1 keV and 0.9 keV, respectively, is clearly better accounted for by the warm absorber model. Restricting the energy range to 0.7-1.2 keV, the reduced chi squared would be 0.99 (50 d.o.f) for the warm absorber and 1.84 (52 d.o.f.) for the partial covering model. This strongly favors the warm absorber interpretation. Indeed a "depression" such as seen in the dipping spectra near 1 keV is most easily explained by invoking absorption than by a combination of emission components. Now, absorption by cool material does not predict strong edges near 1 keV that would be consistent with the rest of the spectral shape. On the contrary, absorption by a warm absorber naturally includes many lines and edges from ionized species (see Fig. 5 ). The convolution of these narrow features with an instrument response with moderate energy resolution naturally translates into a depression such as observed in the pn dipping spectra of XTE J1710−281.
Discussion
We presented a detailed X-ray light curve covering one orbital period for the LMXB XTE J1710−281. It shows irregular dipping activity and a total eclipse, implying that the system is viewed with a high inclination angle. We fitted the persistent spectrum with an absorbed power law with a photon index of 1.94±0.02 while the foreground hydrogen column density was (0.401 ± 0.007) × 10 22 cm −2 . We did not detect absorption lines from highly ionized species such as Fe xxv resonant line at 6.65 keV seen in other dippers, but the upper limits we derived on their EW are not constraining. The overall 0.2-10 keV spectrum becomes harder during the dips, but this change is inconsistent with a simple increase in absorption by cool material. We modeled the spectral changes between persistent and dipping intervals in two ways.
In a first place, we modeled the spectral changes during dipping by the partial covering of the power-law emission. The covering fraction increased from shallow-dipping to the deep-dipping interval. However, the neutral column density of the covering component decreased from shallow dipping to deep dipping. The increase of the covering fraction is consistent with the results obtained for other dippers studied with the partial covering model in the past (e.g. Church & Balucinska-Church 1995) . However, the decrease in column density is inconsistent with what is commonly found in LMXBs, where the column density also increases as we go deeper in the dips (e.g. Church et al. 1998; Smale et al. 2002) .
In a second place, we modeled the spectral changes during dipping by the variation in the properties of an ionized absorber and of a neutral absorber. The foreground column density increases slightly from (0.410 ± 0.007) × 10 22 cm −2 during the persistent emission to (0.45 ± 0.03) × 10 22 cm −2 during deep dipping. The ionization parameter decreases from 10 2.52 erg s −1 cm during the shallow-dipping interval to 10 2.29 erg s −1 cm during deep dipping. On the contrary, the column density of the ionized absorber increases from 4.3 +0.4 −0.5 × 10 22 cm −2 to 11.6 +0.4 −0.6 × 10 22 cm −2 . The properties of the ionized and neutral absorbers that we derived for XTE J1710−281, and their change during dipping, are similar to those found in the other dippers observed with XMM-Newton (Boirin et al. 2005; Díaz Trigo et al. 2006) , especially to those of MXB 1658−298. In this source, the ionization parameter decreases to reach 10 2.42 erg s −1 cm during the deepest dips while the ionized absorber column density increases to 53 × 10 22 cm −2 . We note that the
